At least two photoreactions can be demonstrated in plant developmental responses: the low-energy requiring phytochrome system and the high energy reaction. The action of these photoreactions on the formation of anthocyanin by turnip seedlings is discussed. The synthesis of small amounts of anthocyanin can be controlled solely by phytochrome, as evidenced by the red-far-red photoreversible effect of brief irradiations. Appreciable synthesis requires prolonged irradiations, the duration of irradiation being more important than intensity. The data presented suggest that the energy dependence of anthocyanin synthesis arises through photosynthesis. A mechanism for the interaction between photosynthesis and phytochrome is suggested. Under conditions of natural illumination of plants, the concentration of the species of phytochrome that absorbs far-red light may be lower than previously realized.
Eukaryotic plant cells that are potentially photosynthetic all seem to contain the pigment phytochrome (1). The absorption of light by phytochrome can elicit changes in cellular electric potentials (2) and ion fluxes (3, 4) , changes in cellular metabolism, and, ultimately, changes in growth and development (5) . The characteristics of the phytochrome photoreaction through which these changes arise are partially understood. Phytochrome has absorption maxima near 664 and 724 nm (6, 7) . Red light causes partial transformation of the 664-nm absorbing species, red-absorbing phytochrome (Pr) into the 724-nm absorbing species, far-red absorbing phytochrome (Pfr). The reverse transformation of Pfr to Pr by far-red radiation is more complete, and to some extent can occur spontaneously in darkness. Thus, responses that are regulated by phytochrome exhibit photoreversibility: responses potentiated by red light can be negated by far-red light.
The discovery of the phytochrome photoreaction led to the recognition of a second photoreaction that is dependent upon energies greater than those required for the phototransformations of phytochrome, and is designated the highenergy reaction (HER) (8) (9) (10) 5) . HER responses typically have action maxima near 450 and 720 nm. Rarely, red action is evident. The most thoroughly studied HER response with a red action maximum is the synthesis of anthocyanin pigments by apples (11) (12) (13) (14) . It was concluded that this response arose through photosystem II of photosynthesis and phytochrome.
The photoreceptor(s) for HER responses is currently of principal concern. Recent models (15) (16) (17) for the origin of the HER are based upon phytochrome as the sole photoreceptor. Accordingly, HER are believed to arise through the maintenance of a low level of Pfr over a prolonged time. Indeed, the phytochrome and HER photoreactions appear closely linked, since photoresponses that exhibit evidence of a HER also exhibit phytochrome photoreversibility under appropriate conditions. The dependence of HER photoresponses on intensity remains more difficult to explain, and is the principal subject of this communication.
Originally, the involvement of photosynthesis in HER responses was suggested by Hendricks, Borthwick, and their associates (5, 13, 14) . The participation of photosynthesis in responses with far-red action maxima grew to be doubted because of the location of the action maximum near 720 nm, the demonstration of HER responses in "dark-grown" seedlings, and adequate models to explain the responses on the basis of phytochrome.
We have undertaken a re-examination of the possible involvement of photosynthesis in a particular HER response, the synthesis of anthocyanins by turnip seedlings. This system has been extensively studied by Grill (26) .
Light Sources. Where red and far-red appear, they refer to broad spectrum sources obtained through Plexiglas filters (25) . At seedling level the intensities of the red and far-red sources were 0.14 and 4.5 mW/cm2, respectively. The source used for action spectra and reciprocity determinations was obtained from (General Electric) incandescent narrow spotlamps of 500 W filtered through 9 cm of flowing water. This source was used unfiltered or with interference filters with bandwidths less than 15 nm (Corion Instrument Corp., Waltham, Mass.). RESULTS
The photoreactions
The action maximum for anthocyanin synthesis in turnip seedlings is located near 720 nm ( Fig. 1 ), as has been reported (8, 24, 25) . Fig. 1 reveals, however, that exposure times greater than 6 hr are required for the development of the action maximum when continuous radiation of about 1.0 mW/cm2 is provided. The action maximum is evident after 12-hr exposure and is well developed by 24 hr, at which time a weak shoulder of red activity becomes apparent (Fig. 1 ).
The importance of intensity and duration of incandescentlamp radiation on anthocyanin synthesis was studied. In the photoreactions controlling anthocyanin synthesis, duration appears somewhat more important than the intensity of the irradiation, since with equal energies [12 hr at 5000 ft-c or 24 hr at 2500 ft-c (1 foot-candle = 0.09 candela) ] more anthocyanin is synthesized with longer exposure times (Fig. 2 ). This dependence on duration can be attributed in part to the induction phase (8, 23) . Reciprocity still fails, however, during steady-state conditions after a 3-hr induction period (Table 1 ).
In the absence of prolonged irradiations, phytochrome alone can initiate anthocyanin synthesis in turnip seedlings: anthocyanin synthesis potentiated by a 5-min irradiation with red light is photoreversed by a 5-min irradiation with far-red ( Table 2 ). The amount of anthocyanin synthesized in darkness after a single 5-min red irradiation is minimal. The promotion of anthocyanin synthesis by Pfr is dependent upon formation by red light in the absence of a prolonged irradiation is in agreement with work on mustard seedlings by Lange et at. (27) , who provided rigorous proof that phytochrome alone can mediate anthocyanin synthesis. The enhancement of the phytochrome promotion of anthocyanin formation by a previous prolonged irradiation supports earlier work on turnip seedlings by Grill and Vince (22) .
Inhibitor studies Cyclic and noncyclic photophosphorylation are activated preferentially by far-red and red light, respectively (28). Consequently, if cyclic photophosphorylatin were to represent a component of the synthesis of anthocyanin by turnip induced by far-red light, anthocyanin synthesis should be inhibited by inhibitors of cyclic, but not noncyclic, photophosphorylation. We have observed (25) that the effects of photosynthetic inhibitors on anthocyanin formation mimic their effects on cyclic, but not on noncyclic, photophosphorylation. The inhibitors affect mustard seedlings in a similar manner (Table 4) .
We reported (25) that Pfr action and phytochrome photoreversibility were maintained in the presence of 0.1 mM dinitrophenol. Phytochrome control of anthocyanin synthesis is also maintained in the presence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (Cl2PhMe2 urea), o-phenanthroline, and antimycin A (Table 5) . Thus, these inhibitors do not appear to be affecting the turnip HER response by destroying Pfr action and photoreversibility.
It can be argued that the inhibition of anthocyanin synthesis in the presence of dinitrophenol and antimycin arises through their inhibition of oxidative phosphorylation. We have tested the effects of a specific uncoupler of photophos- phorylation, ammonium chloride (29) , which inhibits turnipseedling anthocyanin synthesis (Fig. 3) . Radiation at 720 nm increased the chlorophyll a content of turnip seedlings (25) . Consequently, it could be predicted that if chlorophyll synthesis is inhibited, anthocyanin synthesis via the HER should also be inhibited. Levulinic acid acts as an effective inhibitor of chlorophyll synthesis in Chorella (30) and of anthocyanin synthesis in turnip seedlings (Fig. 4) . Anthocyanin synthesis is restored upon removal of levulinic acid by a 30-min wash with distilled water (Fig. 4) . In conjunction with the inhibition of anthocyanin synthesis, levulinic acid also inhibits chlorophyll a synthesis in turnip seedlings (Table 6 ). Levulinic acid did not lower endogenous levels of phytochrome assayable by spectrophotometry. DISCUSSION Our results indicate that phytochrome alone can mediate anthocyanin synthesis in turnip seedlings. Synthesis induced by brief irradiations sufficient to saturate phototransformations of phytochrome is minimal, however. Appreciable synthesis requires protracted radiation, during which both the duration and intensity are of consequence. The duration dependence probably arises in part through delays in the onset of photochemical activities of photosynthesis during greening. Oelze-Karow and Butler (31) recently reported that in bean leaves greened in far-red light, the onset of photosynthetic photochemical activities is prolonged. Photosysterm I and in vivo cyclic photophosphylation developed before photosytem II. Photophosphorylation commenced after 12 hr of far-red radiation. These findings could explain in part the lag in development of the action maximum in Fig. 1 . Plesnicar and Bendall (32) found that proplastids isolated from dark-grown barley leaves exhibit photosystem I activity immediately upon exposure to light, and that very high rates of cyclic photophosphorylation are detectible after 1 hr of illumination. The onset of photosystem I activity, whether in white or far-red light, is relatively rapid; its possible participation in photomorphogenic responses should not be neglected.
The results presented here and elsewhere (25) t Each value is the mean of 14 replicates, of 100 seedlings each.
Standard errors are expressed within parentheses.
acting directly on phytochrome. Photosynthetic pigments seem to be involved in the HER response of turnip, since when, chlorophyll synthesis is inhibited, the HER response is also inhibited. Thus, an aspect of photosystem I of photosynthesis, cyclic photophosphorylation, appears to be required for the response of turnip seedlings to prolonged far-red irradiations. We suggest that the intensity dependence of the turnip HER response reflects the intensity dependence of photosynthesis, whereas the duration dependence of this photoreaction arises through two components: delays in the onset of photosynthetic photochemical activities associated with greening and a requirement for the continued action and conservation of Pfr.
Although photosynthesis may contribute to HER responses, the mechanisms of its interaction with phytochrome remain 
